Purpose To determine the value of a metal artefact reduction (MAR) algorithm with iterative reconstructions for dental hardware in carotid CT angiography. Methods Twenty-four patients (six of which were women; mean age 70±12 years) with dental hardware undergoing carotid CT angiography were included. Datasets were reconstructed with filtered back projection (FBP) and using a MAR algorithm employing normalisation and an iterative frequency-split (IFS) approach. Three blinded, independent readers measured CT attenuation values and evaluated image quality and degrees of artefacts using axial images, multi-planar reformations (MPRs) and maximal intensity projections (MIP) of the carotid arteries.
Introduction
Computed tomography (CT) angiography has become one of the most commonly used modalities to evaluate vascular structures. Due to the development of fast and high-resolution multi-detector CT equipment, CT angiography has replaced invasive catheter angiography for most diagnostic indications.
CT angiography of the neck has proven value for the evaluation of arterio-occlusive disease, acute cranio-cervical trauma and dissection [1, 2] . Furthermore, it is currently used routinely in the evaluation of patients with suspicion of stroke and transient ischaemic attacks [3] [4] [5] .
The image quality of carotid CT angiography relies upon optimal intraluminal opacification of the carotid arteries, and depends on good timing of the contrast media bolus and a good spatial resolution [6] [7] [8] [9] . Often, however, the quality of carotid CT angiography images is impaired by metal artefacts arising from dental hardware. This is caused by the dense metal objects causing streak artefacts in CT images through photon starvation and beam hardening [10] . In fact, recent studies reported non-diagnostic image quality of carotid CT angiography studies ranging between 4.7 % [11] and 28 % [6] caused by metal artefacts from dental hardware. In addition to a reduced image quality, metal artefacts have shown to impair the post-processing of carotid CT angiography images (such as bone removal) considerably [12] .
Many attempts have been undertaken for developing metal artefact reduction (MAR) algorithms in CT. Most MAR algorithms employ an inpainting method, which discards all image information polluted by metal artefacts [13, 14] . This approach, however, results in loss of data and therefore potentially important clinical information. Other methods include either reconstruction techniques demanding considerable computational power [15] [16] [17] or require dual-energy CT protocols [18] [19] [20] . Recently introduced MAR algorithms employ new approaches preserving information with a frequency split approach [21] or normalisation [22] of the images to reduce the amount of newly introduced artefacts reported when using an inpainted MAR algorithm [13, 14] . It has been previously shown how normalisation can improve image quality and reduce artefacts arising from dental hardware in head and neck CT [22] .
In the present work, we use a novel MAR algorithm, which combines normalisation and frequency split in an iterative reconstruction process for improving MAR in multiple iterations. This algorithm extends on a previously reported iterative frequency-split algorithm by including three-dimensional (3D) geometry of the CT data [23] . Thus, the purpose of the study was to determine the value of this iterative frequency-split (IFS) algorithm for MAR of dental hardware in patients undergoing carotid CT angiography.
Material and methods

Patient population
In the study period between August and October 2012, a total of 78 consecutive patients underwent carotid CT angiography in our department for various indications, including follow-up after vascular surgery. From this population, 24 (31 %) patients (18 men, mean age 68±13 years; 6 women, mean age 75±11 years) exhibited artefacts from dental metal hardware in their CT studies and thus were included in the present study.
The study had institutional review board and local ethics committee approval. Written informed consent was waived since all CT studies were clinically indicated, and no CT examination was performed merely for the purpose of this study.
CT imaging
All CT data was acquired with a 128-section dual-source CT machine (SOMATOM Definition Flash, Siemens Healthcare, Forchheim, Germany). Image acquisition was performed in a caudo-cranial direction during mid-inspiration. CT angiography was performed with the following parameters: slice acquisition 2×0.6×128 by means of a z-flying focal spot, gantry rotation 0.5 s, tube voltage of 100 kV, reference tube current-time product 100 mAs with automated, attenuation-based tube current modulation (CAREDose4D; Siemens).
Patients received 80 ml contrast medium (Iopromidum, Ultravist 370, 370 mg iodine/ml; Bayer Schering Pharma, Berlin, Germany) at a flow rate of 5 ml/s. Contrast media was injected over an antecubital vein using a dual-head power injector (Stellant; Medrad, Inianola, USA). CT data acquisition was initiated with bolus tracking via a region of interest (ROI) in the ascending aorta, using a signal attenuation threshold of 120 HU and with a minimum delay of 4 s.
Raw data from carotid CT angiography in these 24 patients were transferred using an external hard drive (Western Digital, Lake Forest, CA, USA) to an offline workstation for further reconstructions.
Iterative metal artefact reduction algorithm
The IFS algorithm for MAR utilises a previously published normalised metal artefact reduction (NMAR) algorithm, which employs linear interpolation with the addition of normalisation and denormalisation of the raw data [24] . At first, prior-images from the raw data are reconstructed using filtered back projection (FBP) and the image is classified into air, soft tissue and bone using HU thresholds. Then pixels identified as air are set to −1,000 HU and soft tissue to 0 HU; bone and metal remain unaltered. From these images, a sinogram is calculated using forward projection and normalised with the original raw data sonogram, by division of the prior sinogram pixelwise [24] . Pixels with metal traces in the normalised sinogram are replaced through linear interpolation. Then the sonogram is denormalised and FBP is applied to reconstruct the corrected images. The algorithm replaces the values in the metal trace of the original raw data; forward projection and FBP operations are therefore based on the original 3D acquisition geometry, which is an extension of the recently published iterative frequency split approach [23] .
The NMAR approach relies heavily on correct tissue classification in the reconstructed prior-images. By using already corrected data for the NMAR the classification and thus the image quality can be improved. In an iterative approach, the data for the NMAR is consecutively improved and recalculated. For dental hardware, the algorithm uses EIGHT iterations and a threshold for metal segmentation of 3,000 HU. Additionally, a previously described frequency-split approach [21] is used in image calculation to preserve high frequencies of the original image. This procedure results in less blurring of the image, which can be commonly observed in linear interpolation images [14] .
Images were reconstructed with a smooth tissue convolution kernel (B30f) and a field-of-view ranging from 250 to 300 mm, adjusted individually in each patient. After reconstruction, all images were transferred to an external workstation (Multi-Modality Workplace; Siemens Healthcare, Forchheim, Germany).
Image analysis-quantitative
To assess MAR quantitatively, two independent readers (R1 with 4 years of experience and R2 with 3 years of experience in imaging) placed an ROI (average size 0.11 cm 2 ) in that part of the C1 segment of the ICA [25] which was affected most by streak artefacts on axial images reconstructed with FBP. An ROI of the same size was then placed in the corresponding image at the same level but reconstructed with the IFS algorithm, and the CT attenuation (HU) values in the two datasets were noted.
Additionally, the CT attenuation in the ICA at the level of the carotid bulb, being not affected by metal artefacts, was measured by both readers in the FBP images.
Image analysis-qualitative
Qualitative image analysis was performed by two independent readers (R1 and R3, the latter with 3 years of experience in imaging), blinded to the reconstruction algorithm, on axial source images, as well as on sagittal multi-planar reformations (MPR) of the internal carotid artery (ICA). Semi-quantitative Likert scales were used for the assessment of the C1-segment of the ICA in regard to the overall image quality (score 1 = bad, no diagnosis possible, score 2 = poor, diagnostic confidence substantially reduced; score 3 = moderate, but sufficient for diagnosis; score 4 = good; score 5 = excellent), as previously shown [8] . The degree of artefact was also assessed using a scoring system (score 1 = complete absence of imaging artefacts; 2 = minor artefacts not interfering with diagnostic decision making; 3 = major artefacts hindering diagnostic decision making) [11] . Both readers graded image quality on axial source images as well as on sagittal MPR.
Additionally, overall image quality of sagittal thin-slab maximum intensity projection (MIP) images (5 mm) of the left and right ICA was qualitatively assessed separately and independently by R1 and R2 using the same score mentioned above.
Statistical analysis
Variables were expressed as mean ± standard deviation. HU values were tested for normality using the KolmogorovSmirnoff test.
Inter-reader agreement was assessed using the intraclass correlation coefficient [26] .
Student's t-test for paired samples was used to compare CT attenuation in the ICA. The following pairs were formed: FBP reconstructed images affected with metal artefacts compared with IFS reconstructed images at the same level, FBP with metal artefacts compared with FBP without metal artefacts measured at the level of the carotid bulb, IFS at the level of metal artefacts compared to FBP without metal artefacts. Qualitative evaluation of the images was compared with Wilcoxon signed-rank test.
Statistical analysis was performed using commercially available software (IBM SPSS Statistics, version 20, release 20.0.0, Chicago, IL, USA). Significance was inferred at a P value of <0.05. To correct for multiple comparisons of CT attenuation, Bonferroni correction was applied and the significance level was adjusted accordingly to P<0.017.
Results
Image data could be reconstructed from the raw data of all 24 patients using the IFS algorithm without problems and with only little user interaction required. Reconstruction time on the offline computer was on average 85 min.
Image analysis-quantitative
Inter-reader agreement for CT attenuation values in all datasets and locations was high (ICC=0.914, P<0.001), so the mean CT attenuation from both readers was taken for further analysis.
CT attenuation in the ICA measured in FBP images at the level of metal artefacts (324±104 HU) was significantly (P<0.001) higher compared with CT attenuation on IFS images (278±114 HU) and also significantly (P=0.006) higher compared with CT attenuation on FBP images without metal artefacts measured on the level of the carotid bulb (293±106 HU). In contrast, there were no significant differences in CT attenuation values in the ICA between IFS images at the level of artefacts and FBP images at the level without artefacts (P=0.020) (Fig. 1) .
Qualitative image evaluation-axial source images
Inter-reader agreement for qualitative image evaluation was high between R1 and R3 for overall image quality (ICC= 0.722, P < 0.001) and for artefact degree (ICC = 0.842, P<0.001).
R1 evaluated overall image quality on the axial source images as significantly (P=0.005) better for IFS reconstructed images, compared with FBP (2.9 vs 2.4). R1 also found significantly (P=0.021) less artefacts impairing diagnostic confidence for IFS compared with FBP (2.3 vs 2.6) ( Table 1) .
R3 rated overall image quality of IFS on the axial source images better compared with FBP (2.9 vs 2.8); however, without reaching statistical significance (P=0.317). Additionally, R3 found significantly (P=0.001) less artefacts influencing diagnostic confidence for IFS compared to FBP (2.1 vs 2.5).
Typical imaging examples of patients with various degrees of metal artefacts from dental hardware are shown in Figs. 2 and 3.
Qualitative image evaluation-sagittal multiplanar reformations
Image quality on sagittal MPR was rated significantly (P=0.021) better by R1 for IFS compared with FBP (3.1 vs 2.7). Additionally IFS resulted in significantly (P=0.034) less artefacts impairing diagnostic confidence when compared with FBP on sagittal MPR (2.2 vs 2.5) ( Table 1) .
R3 evaluated overall image quality significantly (P=0.020) higher for IFS on sagittal MPR compared with FBP on sagittal MPR (3.6 vs 3.2). Artefacts resulting in reduced diagnostic confidence were rated as significantly (P= 0.005) less on sagittal MPR for IFS compared with FBP (2.0 vs 2.3). Fig. 1 CT attenuation values in the ICA. Measurements were performed in images reconstructed with filtered-back projection (FBP) at a level with highest amounts of artefacts from dental hardware and using the same slice position in images reconstructed with the iterative frequency split (IFS) approach. CT attenuation was additionally measured on a slice more caudally at the level of the carotid bulb without metal artefacts. Note the significantly (P<0.001) higher CT attenuation in FBP images with artefacts compared with IFS images and FBP images without artefacts, and the comparable CT attenuation values between FBP images without artefacts and IFS images at the level of artefacts Qualitative image evaluation--sagittal thin-slab maximum intensity projection A total of 48 ICAs on sagittal MIP images were evaluated, with sagittal MIP images made from reconstructions with both IFS and FBP. Inter-reader agreement between R1 and R3 for image quality of sagittal MIP images was high (ICC=0.963, P<0.001). R1 found a significantly (P=0.004) higher image quality for sagittal MIP images reconstructed from the IFS images compared with FBP-based sagittal MIPs (2.7 vs 2.3). Table 1 .
Discussion
Artefacts arising from metal hardware such as endoprostheses and dental hardware often render CT images non-diagnostic, and potentially crucial lesions could be unrecognised. Image quality of carotid CT angiography is known to be impaired by artefacts arising from dental hardware, as reported in various previous studies in up to 28 % of studies [6, 11] . In our population, we found dental hardware in 31 % of patients impacting on the image quality of carotid CT angiography to various degrees.
Carotid CT angiography is the first-line imaging modality in trauma patients with suspicion of vascular trauma [1, 2] , for the evaluation of stenosis with similar accuracy compared with digital subtraction angiography [3, 4] , and for the work-up of extracranial vessels in the evaluation of acute stroke [5] . For an accurate evaluation of the ICA, however, it is mandatory to depict the artery with good image quality in its entire length. In addition, CT attenuation measurements should be reliable, as correct assessment of HU values has an effect on window settings for stenosis evaluation [9] .
There are some approaches for reducing artefacts from dental hardware in carotid CT angiography. One of the simplest method is tilting the head so that metal causing artefacts is not in the beamline [27] . However, with dental hardware this approach just relocates (but not removes) artefacts to more cranial structures, such as the intracranial arteries. Moreover, in trauma patients, tilting the head is often contraindicated, or simply not feasible due to neck fixation devices or patient mal-compliance.
Magnetic resonance (MR) angiography of the neck has been shown to be a valuable alternative to CT angiography [28] , with dental hardware being rarely a relevant source of artefacts [29] . Thus, MR angiography can be considered an option when there is known excessive dental hardware presumably resulting in non-diagnostic images in CT. However, the extent of dental hardware often is not known prior to imaging, and MR angiography may not be feasible in trauma patients.
There have been multiple approaches to reduce metal artefacts for CT with inpainting methods [13, 14] , which is a fast method but is associated with a loss of information. Additionally, iterative reconstruction techniques [15] [16] [17] have been previously introduced, but had the drawback of being computationally demanding with up to 50 iterations [17] . Dual-energy protocols with reconstruction of monoenergetic images allow for MAR in titanium-based endoprostheses [18, 19] , but require dedicated CT equipment and protocols. Moreover, artefacts from dental hardware usually are too severe to be compensated by monoenergetic reconstructions for dual-energy CT.
Use of iterative reconstructions for reducing noise and for improving image quality has shown value in head and neck CT, having the potential to lower radiation dose for patients [30] [31] [32] . The algorithm employed in this study represents a further development including iterative reconstructions into algorithms for metal artefact reduction. Hereby, we use an MAR algorithm based on normalisation [24] and frequencysplit [21] combined in an iterative reconstruction approach. The IFS method has the advantage of preserving information normally lost in inpainted methods [21] and is associated with reasonable reconstruction times, which allows its application in clinical routine. In our study the preserved information also translated into more accurate measurement of CT attenuation. Furthermore, this technique does not require specific CT technology and dedicated protocols. We could show that use of the IFS algorithm results in an improved image quality for carotid CT angiography as well as in more stable CT attenuation values of carotid arteries across images with and without metal artefacts. In FBP reconstructed images the HU values were increased due to streak artefacts caused by photon starvation [10] . In contrast, CT attenuation values measured in the ICA at the level of artefacts in the datasets reconstructed with the IFS algorithm were significantly lower, being similar to the values in the ICA in slices not affected by artefacts.
Some study limitations have to be addressed. Firstly, we included a relatively small patient group with different amounts of dental hardware. Secondly, blinding readers to the reconstruction algorithm is not completely possible, as an experienced radiologist might recognise the images reconstructed with the IFS algorithm by their distinctive image impression. Thirdly, we evaluated only the ICA in regard to image quality and CT attenuation, but did not evaluate adjacent cervical soft tissues. Fourthly, we can only state preliminary reconstruction times since the prototype implementation of the reconstruction algorithm is not yet optimised for computation time. Fifthly, we did not compare IFS to any other MAR algorithms or iterative reconstruction methods compared with FBP. Sixthly, we did not evaluate intra-reader reliability, but we showed good inter-reader agreement. Finally, we did not compare carotid CT angiography images reconstructed with the IFS algorithm with the reference standard modality catheter angiography for defining the degree of vessel stenosis, as our patient collective was not referred for stenotic carotid arteries, but for various indications.
Our study indicates that the IFS algorithm employing iterative reconstructions allows for a considerable reduction of metal artefacts arising from dental hardware, along with an increased image quality for evaluation of the ICA in carotid CT angiography studies.
